Unconventional superconductivity typically occurs in materials in which a small change of a parameter such as bandwidth or doping leads to antiferromagnetic or Mott insulating phases. As such competing phases are approached, the properties of the superconductor often become increasingly exotic. For example, in organic superconductors and underdoped high-T c cuprate superconductors a fluctuating superconducting state persists to temperatures significantly above T c . By studying alloys of quasi-two-dimensional organic molecular metals in the k-(BEDT-TTF) 2 X family, we reveal how the Nernst effect, a sensitive probe of superconducting phase fluctuations, evolves in the regime of extreme Mott criticality. We find strong evidence that, as the phase diagram is traversed through superconductivity towards the Mott state, the temperature scale for superconducting fluctuations increases dramatically, eventually approaching the temperature at which quasiparticles become identifiable at all.
I
ntriguing unconventional superconducting states, including those occuring in the high-T c cuprates, pnictides, heavy Fermion superconductors and quasi-two-dimensional (Q2D) organic molecular superconductors, often compete with Coulomb-interaction driven antiferromagnetic or Mott insulating states 1, 2 . In many cases, the parameter controlling the competition between the magnetic insulating and superconducting states is band filling; for example, high-T c superconductivity occurs when the Mott insulating parent compounds such as La 2 CuO 4 are doped with acceptors such as Sr on the La sites 1, 2 . In the case of organic molecular superconductors, however, the first order Mott-superconductivity phase boundary is traversed by tuning the ratio, t/U, of the electronic bandwidth to the strength of Coulomb repulsions 3 . In the classic case of the Q2D k-(BEDT-TTF) 2 X family of organic molecular metals, t/U can be adjusted by varying the lattice spacing (and therefore the intermolecular hopping energy scale), either continuously by applying hydrostatic pressure to a Mott-insulating parent compound such as X 5 Cu[N(CN) 2 ]Cl, or sampling discretely by varying the anion volume. [In fact, in k-(BEDT-TTF) 2 X, there is a degree of frustration determined by a second hopping energy scale, t9, with important consequences for proximity to and stability of the Mott state [4] [5] [6] . However, in the following discussion, the key physics is encapsulated in the ratio t/U.] The extraordinary degree of control over the fundamental competing energy scales makes k-(BEDT-TTF) 2 X a particularly appealing experimental environment for studying strong correlations in Q2D 7 . Traditionally, the transition between superconducting and normal states with temperature is identified with the closure of the mean-field gap and the disappearance of the amplitude of the order parameter 8 . However, in strongly correlated superconductors (those for which Coulomb interactions influence the electronic state from which superconductivity forms), the structure of the normal state may influence the nature of this transition. Indeed, it was recognised some time ago that the observed transition temperatures for a range of unconventional superconductors is found to coincide with the temperature scale at which thermal fluctuations of the superconducting phase might be expected to destroy the long-range phase coherence [9] [10] [11] . This motivates a picture of an alternative kind of transition out of the superconducting state, into a state which does not exhibit the signatures of long range phase coherence such as zero resistance, but which does preserve certain features such as a gapped or pseudo-gapped spectrum, a degree of quasiparticle pairing, and remnants of the vortex physics. Experimental support for this picture was offered by measurements of magnetothermoelectric effects in under-doped high-T c superconductors, which revealed a Nernst signal (a voltage transverse to both an applied temperature gradient OPEN SUBJECT AREAS: SUPERCONDUCTING 
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and magnetic field) characteristic of mobile superconducting vortices persisting to temperatures well above the zero magnetic field resistive transition temperature 12 . This was interpreted as evidence of a phase-fluctuating superconducting state.
However, it has also been argued that Gaussian fluctuations of the amplitude of the order parameter can give rise to an enhanced Nernst effect at temperatures above T c [13] [14] [15] . This model offers a good quantitative account of the Nernst effect in a range of systems including amorphous superconducting thin films 16, 17 and optimally-and overdoped high-T c superconductors 18, 19 , though it is less successful for under-doped high-T c superconductors, perhaps owing to the proximity of the Mott state 18 . The Nernst effect has also been studied in k-(BEDT-TTF) 2 X organic molecular superconductors with X 5 Cu(NCS) 2 , for which t/U is large and the normal state is Fermi-liquid-like, and with X 5 Cu[N(CN) 2 ]Br, for which t/U is smaller, the metallic state is more strongly correlated, and the system is closer to the Mott transition 20 . The compound for which t/U is large shows the behaviour expected for a simple superconductor to normal transition: the Nernst coefficient is large, positive and magnetic-field dependent in the vortex liquid state, but above the resistive transition temperature the Nernst coefficient is small and magnetic field independent, consistent with a normal Fermi liquid state. However the smaller-t/U compound exhibits a vortex-liquid-like Nernst signal at temperatures up to 50% above the resistive transition temperature. The superconducting coherence lengths and the conductivities of these two compounds are broadly comparable, and the prediction of the Gaussian fluctuation model is that the contributions to the Nernst effect from superconducting fluctuations should also be comparable 13, 14 . The significant difference in Nernst effects between the smaller-t/U and the larger-t/U compounds was taken as evidence for a phase-fluctuating superconducting state occurring in the proximity of the Mott state 20 . Together, the Nernst observations in two very different classes of strongly correlated superconductors, namely, under-doped high-T c superconductors and k-(BEDT-TTF) 2 X organic molecular superconductors support the conjecture that superconducting states lying close to a Mott transition are particularly susceptible to fluctuations. In this work, we seek to explore how the superconducting fluctuations develop in k-(BEDT-TTF) 2 X as the Mott state is approached by reducing t/U. Perhaps the most elegant way of addressing this question experimentally is to begin with a compound, such as X 5 Cu[N(CN) 2 ]Cl, that lies within the Mott state at ambient pressure (see Figure 1 ). Applying hydrostatic pressure tunes t/U continuously as the lattice parameters shrink: at low pressures the antiferromagnetic ordering temperature is suppressed somewhat; at about 300 bar, there is evidence from NMR 21, 22 , resistance measurements 23, 24, 26, 27 , and ultrasonic velocity measurement 28 for a mixed Mott insulating and superconducting phase; above about 300 bar, the ground state is superconducting; and as the pressure increases further, the transition temperature falls as the band width increases and the normal state density of states decreases 29 .
With temperature, these measurements reveal a first order transition (purple dashed line in figure 1) , with a critical end point at a temperature of around 40 K and a pressure of about 250 bar. A very detailed scaling analysis of the conductance in the vicinity of the critical end point revealed that the critical exponents for this model Q2D Mott transition do not correspond to those for any previouslyidentified universality class 24 , motivating further the study of the properties of the adjoining unconventional superconducting state.
While it is possible to study thermoelectric phenomena under pressure 30 , the presence of a pressure-transmitting medium leads to uncertainties about heat transport paths that are not present for experimental configurations in which the sample is in a vacuum. For this reason, we chose to tune t/U instead by alloying the compounds X 5 Cu[N(CN) 2 ]Cl and X 5 Cu[N(CN) 2 ]Br. These two anions are isoelectronic but the latter is slightly smaller in volume, so the electronic configuration is independent of the composition but the lattice parameters, and hence t/U, do depend on composition. In principle, by selecting the alloy composition, it is possible to synthesise a crystal exhibiting any value of t/U within the range determined by those for the two pure compounds. Table 1 Log-log plots of interlayer resistivity as a function of temperature with different magnetic fields applied perpendicular to the Q2D layers are shown in Fig. 3 . They reveal the range of different behaviours expected as the Mott transition is traversed, and allow us to estimate the calibration between alloy composition and effective pressure.
Results
The superconducting Br 1.0 (with the largest t/U in this study), Br 0.8 , and Br 0.73 compounds each show metallic conductivity below 64 K, 62 K and 54 K respectively. It is a general characteristic of superconducting members of the k-(BEDT-TTF) 2 X family that they exhibit a crossover in this temperature range from a regime of diffusive conductivity characterised by negative dR/dT at high temperatures to a regime in which the electronic transport is coherent and metallic (with positive dR/dT) at lower temperatures. This crossover is well described by dynamical mean field theory 23,31-33 and T peak , the temperature at which the peak in the resistivity occurs, increases with t/U. (It also exhibits a dependence on certain classes of disorder 34 .) Note that the metallic compounds that we study here do not all exhibit simple T 2 -dependence of resistivity over significant temperature ranges 35 , so we adopt the temperature at which the resistance peaks as a consistent phenomenological measure of the temperature below which coherent transport occurs.
The temperature dependence of the resistivity in Br 0.8 is rather similar to that of Br 1.0 , but the coherent transport crossover occurs at a slightly lower temperature, the superconducting transition temperature is slightly higher, and the resistivity is almost a factor of two higher throughout. This places Br 0.8 close to, but a little lower than, Br 1.0 on the t/U scale.
Optical studies 36, 37 indicate that the compound with X 5 Cu[N(CN) 2 ]Cl 0.3 Br 0.7 lies at the boundary of the Mott state at low temperatures. Consistent with this, the absence of hysteresis in the resistivity of Br 0.73 indicates that it lies above the Mott transition in t/U. However, compared with Br 1.0 and Br 0.8 , the coherent transport crossover temperature T peak is significantly suppressed in Br 0.73 , and its normal state resistivity is over an order of magnitude higher, placing Br 0.73 substantially below Br 1.0 and Br 0.8 on the t/U scale and very close to the Mott transition. Optical studies 36, 37 reveal that Br 0.73 exhibits a substantially enhanced effective mass and scattering rate compared to compounds with higher Br content.
By contrast with the superconducting compounds, Br 0.53 shows insulating behaviour over most of the temperature range. It shows a small region of positive dR/dT between about 20 K and 30 K which 
Effective pressure (bar) The superconducting transition is not complete in these compounds; this is the temperature below which there is positive magnetoresistance at low fields. we believe is a vestige of the crossover towards coherent electronic transport, but below 20 K the negative dR/dT is recovered. Following the analysis in References 23 and 26, we find that the resistivity follows approximately activated behaviour between about 30 K and 50 K, yielding a charge gap of D , 100 6 1.5 K. This is comparable with the behaviour of the pure X 5 Cu[N(CN) 2 ]Cl compound under a hydrostatic pressure of 225 6 3 bar 23, 26 . Below about 7.5 K, Br 0.53 exhibits a dramatic resistivity down-turn. The resistivity is highly hysteretic with temperature in this region, consistent with the ground state of Br 0.53 lying in the mixed phase, and the resistivity down-turn arising from the occurrence of regions of superconductivity.
The Br 0.48 sample (with the smallest t/U in this study) is highly resistive and shows insulating behaviour (dR/dT is negative) over the whole temperature range except below about 7 K where there is a down-turn in the resistivity, though this is much weaker than in Br 0.53 . There is little magnetic field dependence, other than to suppress the weak resistivity down-turn at low temperatures. Br 0.48 has a charge gap of 130 6 20 K. This is comparable with the behaviour of the pure X 5 Cu[N(CN) 2 ]Cl compound under a hydrostatic pressure of 210 6 10 bar; the magnetic-field-dependent weak resistivity down-turn suggests that, like Br 0.53 , it lies in the mixed-phase region, but that the superconducting fraction is much smaller.
We note that the locations of the alloys on the phase diagram that we derive from this analysis are consistent with what is found in other experimental studies of these alloys [35] [36] [37] . Equipped with a selection of alloys at well-defined positions on the t/U axis, we are now in a position to investigate the central theme of this work: how the superconducting fluctuations, probed through the Nernst effect, depend on t/U. Figure 4 shows the resistivity and the Nernst coefficient, N, (defined by E y 5 2N B z = x T, where E y is the measured electric field in response to applied temperature gradient = x T and magnetic field B z ) as a function of temperature for a range of fixed magnetic fields for each of the materials that exhibits metallic behaviour. The resistivity was measured in the interlayer direction (along the c-axis); the temperature gradient was applied in the intralayer direction (parallel to the a-b plane); the Nernst signal was measured in the intralayer direction perpendicular to the temperature gradient (see Methods).
In each case at high temperatures, in the regime in which the resistivity indicates that the electrical transport is diffusive 31, 32 , the Nernst coefficient is small and essentially temperature independent. As the temperature falls, and coherent transport of quasiparticles is established, the character of the Nernst signal changes. For Br 1.0 and Br 0.8 , the coherent quasiparticle signal becomes larger in magnitude and negative. As the resistive superconducting transition is approached the Nernst signal acquires a large, positive, and magnetic-field-dependent component which peaks within the superconducting state and then falls as the temperature falls further. The Nernst effects in Br dependent signal for all temperatures below the resistivity downturn. The resistivity does not show any magnetic field dependence above T c , implying that the magnetic field dependence of the Nernst signal has its origin in the thermoelectric tensor.
Discussion
In a single-parabolic-band isotropic metal, the Nernst coefficient is expected to vanish 38 , but anisotropic materials or those in which multiple bands cross the Fermi energy may exhibit significant Nernst effects, particularly if the quasiparticle mobility is high 39 . In weak magnetic fields (i.e. when the magnetic field energy scale is small compared to the Fermi energy) the Nernst signal generated by a Fermi liquid is linear in magnetic field and the Nernst coefficient, N, is field-independent.
In contrast, a large and magnetic-field-dependent Nernst coefficient is expected in the vortex liquid state of a superconductor. The normal cores of the vortices, being more efficient carriers of heat than the surrounding gapped superfluid, flow down a temperature gradient applied perpendicular to the magnetic field. In doing so, they wind a superfluid phase in the direction perpendicular to both the magnetic field and the temperature gradient, at a rate that is proportional to their density (i.e. the magnetic field strength) and to their speed (which is determined by the temperature gradient and the vortex mobility). If the average separation of vortices is comparable to or smaller than the penetration depth, the vortices interact repulsively, impeding their mobility. Thus, in k-(BEDT-TTF) 2 X, the vortex Nernst coefficient is expected to be large but to decrease with magnetic field for fields above a small fraction of 1 T 20 . The onset of a positive and magnetic-field-dependent Nernst coefficient at temperatures below about 18 K (1.5 times T c ) in Br 1.0 has previously been identified as evidence of a phase-fluctuating superconducting state 20 , that, while unable to exhibit a zero-resistance state owing to the loss of long-range phase coherence, is nevertheless able to support vortex-like excitations owing to sufficiently strong shorter-range phase correlations. The data in Fig. 4 indicate that, although it lies closer to the Mott state on the t/U scale than Br 1.0 , Br 0.8 behaves in a very similar way, with the onset of a vortex-like Nernst signal appearing instead below about 20 K (1.8 times T c ).
Br 0.73 , judging by the temperature below which it exhibits coherent quasiparticle transport and its overall higher resistivity, lies much closer to the Mott transition on the t/U scale than Br 1.0 or Br 0.8 , and its Nernst behaviour is qualitatively different. As soon as the temperature falls enough for quasiparticles characterised by coherent transport to emerge (below about 54 K) there is the onset of a very large positive magnetic-field-dependent Nernst coefficient that evolves into the familiar vortex Nernst signal below T c of 10.9 K. The overall magnitude of the Nernst signal in Br 0.73 , which is expected to be proportional to the sample resistivity 39 , is larger than Nernst signals in Br 1.0 and Br 0.8 , but this does not account for the decrease in the Nernst coefficient with magnetic field or for its positive sign.
One natural explanation for this observation is that the onset of superconducting phase fluctuations occurs at higher temperatures as the Mott state is approached along the t/U scale. This extends the trend observed earlier and reported in Ref. 20 . The material with X 5 Cu(NCS) 2 , which lies substantially higher up the t/U scale than any of the materials studied here, shows no signs of superconducting fluctuations above T c in its Nernst effect 20 . Br 1.0 and Br 0.8 , lying at successively lower points on the t/U scale, exhibit the onset of a vortex-like Nernst signal below about 1.5T c and 1.8T c respectively. In Br 0.73 , the compound exhibiting the smallest t/U of the superconductors in this study, the positive and strongly field-dependent Nernst signal occurs below about 5T c .
Another possibility is that Gaussian amplitude fluctuations of the superconducting order parameter give rise to the enhanced Nernst signal above T c . The prediction of the standard Gaussian fluctuation theory 13, 14 is that the Nernst coefficient becomes magnetic-fieldindependent at low fields, and this is observed in both amorphous superconducting films 16, 17 and over-and optimally-doped high-T c superconductors 18, 19 . Our observation of a field-dependent Nernst effect down to the lowest magnetic fields rules out the possibility of a quantitative comparison of our data to the Gaussian fluctuation theory. Furthermore, the assumption that the normal state of the Br 0.73 compound is a Fermi liquid (an assumption on which this theory is based) may not be a safe one, given its proximity to the Mott transition: it does not exhibit a T 2 resistivity; other studies of k-(BEDT-TTF) 2 X close to the Mott transition reveal non-Fermi-liquid behaviour 22, 24 ; and previous studies of this family of alloys show that the strong correlations in the Br 0.73 significantly modify the effective mass and the optical properties 36, 37 . We note that, interpreting the enhanced Nernst signal as arising from superconducting fluctuations of some kind, there is an interesting convergence of temperature scales. In Br 0.73 , the underlying temperature scale below which superconducting fluctuations are observed becomes coincident with the temperature scale for coherent quasiparticle transport. This implies that as soon as the temperature becomes low enough for the excitations of the system to be identified with states of well-defined momentum, they exhibit the tendency towards pairing and phase coherence. Both temperatures are quite comparable with the temperature of the critical endpoint of the firstorder Mott transition line.
While it is true that the only mechanisms that are known to give rise to magnetic-field-dependent Nernst coefficients at low magnetic fields are related to superconductivity, this does not preclude the existence of other, as yet unidentified, mechanisms 39 . We cannot rule out the possibility that such a mechanism lies behind the Nernst behaviour in Br 0.73 . Given the location of Br 0.73 on the t/U scale, it seems likely that the underlying physics driving any effect of this kind would depend on the proximity of the Mott state. 2 ] and CuBr were used as electrolyte in a 1,1,2-trichloroethane/ethanol 10% vol. mixture; for the alloys, the electrocrystallization was carried out in the same solvent mixture containing NaN(CN) 2 , 18-crown 6, CuBr and CuCl. The x values were determined by microprobe analysis and full single crystal Xray structure refinements. The single crystals were platelets with faces of the order of 1 mm across and thicknesses of the order of 100 mm.
The terminal ethylene groups of the BEDT-TTF molecule in k-BEDT-TTF 2 Cu[N-(CN) 2 ]Br undergo an ordering transition, with an associated small decrease in resistivity, at about 80 K. Alloys showing metallic behaviour with coherent peaks exhibited comparable features in resistivity at around 80 K. Although in insulating alloys the effect was not as prominent as in metallic ones, in resistivity measurements all samples were cooled down at the same low rate of 150 mK?min 21 from 160 K to 4 K to ensure that the terminal ethylene disorder was controlled.
We made interlayer resistivity measurements using standard four-probe ac lockin techniques with a maximum current of 10 mA at a frequency of 13.7 Hz for Br 1.0 , Br 0.8 , and Br 0.73 . For insulating Br 0.53 , we used slow lockin techniques with a maximum current of 500 nA at a frequency of 0.137 Hz and a time constant 100 seconds. For insulating Br 0.48 , we used a d.c. current of 100 nA. We repeated each temperature sweep for positive and negative d.c. current and took the average to remove any the thermoelectric effects.
We applied a temperature gradient by thermally coupling each end of the sample to a single-crystal quartz block using graphite paint and 50 mm gold wire. The quartz blocks were weakly thermally coupled to a copper base plate and base temperature was monitored using a cernox sensor. The temperature gradient was controlled using 100 V chip resistor-heaters and measured using thermocouples. Below 10 K, the thermal gradient measured by thermocouples was checked using calibrated RuO thermometers mounted on each quartz block; there was always good agreement. We applied temperature differences of typically 500 mK in the high temperature range and 250 mK at temperatures below 40 K. The experiment was maintained under a vacuum of below 10 25 mbar to ensure thermal isolation. The magnetic field was applied perpendicular to the BEDT-TTF conducting planes using a superconducting magnet in persistent mode to minimise electrical noise. Transverse thermal voltage contacts were made using resistive phosphor bronze wire of diameter 70 mm to reduce heat loss through these contacts. The signal was measured via oxygen-free copper wire with mechanical joints only from the low-temperature stage all the way to the Keithley voltmeter preamplifiers to minimise thermal voltage noise. The data www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 3390 | DOI: 10.1038/srep03390
were recorded over the range ,4 K to ,150 K in temperature sweeps at a rate typically of 100 mK/min. Each temperature sweep was repeated for positive and negative magnetic fields. Longitudinal thermoelectric contributions to the voltage measured were removed by subtracting the positive and negative field sweeps. Uncertainties in the intraplane temperature profile arising from the irregularity of the sample shapes meant that it was not possible to separate intraplane components of the Nernst signal. At 1 T, the typical maximum longitudinal contribution to the signal before this correction was performed was about ten to twenty times the maximum transverse contribution. The longitudinal component was almost completely magnetic field independent above T c .
